Glutamate catabolism and the factors contributing to metabolic stability of purified suspensions of Rickettsia rickettsi were investigated. By use of '4C-glutamate, it was shown that CO2 was produced from all carbons of glutamate and that "4CO2 production was reduced by the addition of most of the unlabeled intermediates of the citric acid cycle and pyruvate. Oxalacetate, added in various concentrations, did not stimulate glutamate utilization. When the cells were suspended in bovine plasma albumin (BPA), CO2 production from glutamate proceeded at a nearly uniform rate for 8 hr at 32 C and for 24 hr at 15 C. When BPA was used, the cells retained their metabolic activity at 0 or 30 C regardless of cell concentration, and were not influenced by the addition of varoius metabolites. Without BPA, metabolic stability was directly related to concentration. Of the stabilizers tested on low concentrations of rickettsiae, reduced glutathione was the most effective, provided that the gas phase contained predominantly N2. Under these conditions of low partial pressure of 02, glutamate further stabilized metabolic activity and was actively metabolized. The cells were also stabilized by oxidized glutathione in a gas phase of air, but under these conditions glutamate was utilized at a more moderate rate and it impaired metabolic stability.
A previous investigation (14) showed that Rickettsia rickettsii can be separated from host components by moderately simple procedures that provide cells in sufficient numbers for biochemical studies. It was also shown that purified rickettsial suspensions catabolize glutamate, glutamine, and pyruvate and that these suspensions retain their metabolic activity reasonably well when suspended in bovineplasma albumin (BPA). This work was continued, and this paper presents an attempt to define more closely glutamate catabolism of R. rickettsi and to determine the factors contributing to metabolic stability.
MATERIALS AND METHODS
The Bitterroot strain of R. rickettsi, designated R-1 by Price (11) from whom it was originally obtained, was employed in these studies. The strain was maintained in the yolk sac of chick embryos, and the microorganisms for this study were obtained from the 68th egg passage. The methods of cultivation and separa-1 The "i" instead of "ii" for rickettsial patronyms, except for R. prowazekii, has been proposed by Cornelius B. Philip to the Bergey Committee on Rickettsia of the American Society for Microbiology.
His recommendation has been followed. 2 Present address: Biological Division, Dugway Proving Grounds, Dugway, Utah 84022.
tion from host cell constituents were described in a previous publication (14) .
Metabolic activity was determined in Erlenmeyer flasks by use of 14C-glutamate. CO2 was trapped with Hyamine (Packard Instrument Co., La Grange, Ill.) and the amount produced was calculated from its radioactivity. The procedures were identical to those previously described (14) with the exception that, in most experiments, total volumes were reduced from 2.4 to 1.2 ml to save rickettsial suspension. When a gas phase of N2 or 02 was required, the flasks were maintained in an ice bath, flushed with the desired gas for 5 min, and usually incubated at 30 to 32 C. The incubation time was extended for approximately 5 min to allow for thermal equilibration. During 16-hr periods of preincubation at 0 or 30 C, in tests of retention of metabolic activity, the conditions were similar to those of the tests, except that sufficient materials for triplicate tests were placed in tubes or in vaccine bottles, when the gas phase was changed, and 14C-glutamate was omitted.
Manometric experiments were carried out by conventional methods with Warburg flasks containing elevated troughs and two side arms. CO2 was trapped with 0.2 ml of 10 M KOH placed in each trough. The reaction was stopped, and bound CO2 was released by tipping in 0.2 ml of 2 M citric acid. The KOH was transferred to liquid scintillation vials, the troughs were washed with 2.5 ml of methanol (which was also transferred to the vials), and 12 ml of Bray's (4) solu-REES AND WEISS tion were added. The radioactivity was determined in a liquid scintillation counter, and the amount of CO2 was determined as in previous experiments.
Protein determinations were made by the method of Lowry et al. (8) , and sulfhydryl group determinations were made by the procedure described by Ellman (5) . Chick embryo infectivity tests were carried out by standard methods, with 10% skim milk (Difco) as the diluent for the serial dilutions.
RESULTS
Rate of glutamate utilization. Previous studies indicated that R. rickettsi suspended in BPA retained its metabolic activity during the course of ordinary laboratory experiments (14) , and we confirmed this finding (Fig. 1) . CO. production from glutamate at 32 C remained approximately constant for the duration of the test, 2.5 hr. The decline was small, even when the period of incubation was extended to 6 or 8 hr (Fig. 2) . When the incubation temperature was lowered to 15 C, metabolic activity remained surprisingly high, about one-third of the activity obtained at 32 C, and the rate did not appear to have undergone a great change during the 24-hr period of incubation. Rickettsiae maintained in ice water metabolized glutamate at a measurable rate, about 3% of the rate obtained at 32 C. In a continuation of the experiment, partly shown in Fig. 2 , CO2 was produced at 0 C for as long as 4 days.
As in previous experiments (14) , the rate of CO2 production from glutamate at 32 C was Oxalacetate, added in moderate amounts to "4C-glutamate, enhanced 14CO2 production in R.
quintana. This was shown to be due to the presence of a glutamate-oxalacetate transaminase. An unsuccessful attempt was made to demonstrate a similar effect in R. rickettsi (Fig. 4) . In this organism, oxalacetate, added to '4C-glutamate in concentrations of 0.4:1 to 10:1, did not enhance '4CO2 production.
Retention of metabolic activity by cells suspended in BPA. Rickettsiae suspended in the diluent of previous experiments, which included BPA (crystallized, Pentex Corp., Kankakee, Ill.), were held for 16 hr at 0 or 30 C. Determinations were made of the effects of adding glutamate, nicotinamide adenine dinucleotide (NAD), and of omitting or including the divalent salts during the period of incubation. Activity retained after this period of incubation, as demonstrated by CO2 production from glutamate, is shown in Table 2 . The activity of the control groups maintained at 0 C was defined as 100%. At 30 C, the rickettsiae lost about 50% of their metabolic activity. Added or omitted factors did not have pronounced effects on retention of metabolic activity at either temperature. These results suggest that rickettsiae that have already been stabilized by the addition of BPA are not influenced to an appreciable degree by the compounds tested.
When BPA was omitted, however, the stability of the rickettsiae was greatly affected by cell concentration. Three concentrations of rickettsiae, ranging from approximately 0.3 to 0.03 mg of protein/ml, were suspended in diluent with or without BPA and were maintained for 16 hr at 0 or 30 C. The metabolic activity and egg infectivity remaining after the period of incubation were determined, and the results are shown in Table 3 . Metabolic activity of rickettsiae suspended in BPA was not affected by concentration at 0 C and was affected, to a very slight degree, if at all, at 30 C. On the other hand, in the absence of BPA, metabolic activity was sharply reduced at both 0 and 30 C, and the loss was inversely related to the concentration. Only the highest concentration retained all or nearly all of its metabolic activity at 0 C. Results of egg titration, based on chick embryo LDso, were obtained with considerably greater error than those results involving determinations of CO2 production and are not directly comparable. It appears, however, that loss of infectivity was more marked than loss of metabolic activity. This was also true in other experiments. Table 2 .
b Multiplied by dilution factor; 100 = 0.63 ,umole of CO2 or 3.5 X 107 yolk sac LD5o per mg of protein.
Retention of metabolic activity in the absence of added protein. Table 4 illustrates two experiments entirely comparable to those shown in Table 2 , but which were carried out with cells suspended in diluent without BPA. The concentration of rickettsiae was adjusted to a level sufficientlylowtopermita study of enhancing activity by various factors, both at 0 and 30 C. Retention ofactivity at 0 C, without added factors, amounted to 40 to 50%0. All the compounds tested, glutamate, NAD, adenosine triphosphate (ATP), reduced and oxidized glutathione (GSH and GSSG), coenzyme A, and mercaptoethanol, appeared to stabilize the rickettsiae at 0 C. At 30 C, only the compounds containing sulfhydryl groups or disulfide linkages were effective. It was not possible to judge the relative effectiveness of the various compounds because of the instability of the sulfhydryl group.
It was found that under the conditions of these experiments, following incubation for 16 hr in a gas phase of air, the sulfhydryl groups remained at 0 C but almost completely disappeared at 30 C. For these reasons, some of the same compounds were retested for their effect on stability in gas phases of N2, air, and 02. The rickettsiae were exposed to the various gases during the 16-hr period of incubation, but tests of glutamate metabolism were all done in a gas phase of air. The partial pressure of 02 was sufficiently low in a gas phase of N2 for the maintenance of the sulfhydryl groups, but conditions were not strictly anaerobic. The results of these experiments are shown in Table 5 . In experiment 1, a larger portion of the metabolic activity of rickettsiae than was expected was retained at 30 C without added factors. The reason for this stability is not known, except that the rickettsiae may not have been as well separated from host components as in other preparations. The results, however, appear to be valid and consistent with those obtained in other experiments. An atmosphere of 02 was quite deleterious to rickettsiae suspended without added factor or with GSSG. In air, GSSG was the better stabilizer, whereas, in N2, best retention of metabolic activity was achieved with GSH. When glutamate was combined with GSH and the rickettsiae were incubated in N2, the organisms appeared to retain an even larger portion of their activity. On the other hand, the addition of glutamate to rickettsiae, stabilized with GSSG in air, impaired their stability.
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Glutamate metabolism in various gas phases. An attempt was made to study the metabolic events that take place under conditions of increased metabolic stability. The microorganisms were suspended either without added protein or with BPA, GSH, or GSSG and were then tested for CO2 production from glutamate without previous incubation in gas phases of air or N2. The temperature of incubation was 32 C, as in previous tests of metabolic activity, but the time was extended to 3 hr. The results are shown in Table 6 . The rickettsiae were most active in GSH, followed by BPA, GSSG, and no added factor. The rickettsiae were slightly more active in an atmosphere of air than in N2, when no factor or GSSG was added. However, the rickettsiae did equally well in air or in N2 when mixed with BPA or GSH.
In experiment 2 (Table 6 ) we attempted to detect a shift in metabolic pathway when the gas phase is changed from air to N2. This was done by comparing CO2 production from C2 with CO2 production from all other carbons. The results with randomly labeled "4C-glutamate were com- These results were clarified in the experiments illustrated in Table 7 . We attempted to obtain nearly complete anaerobic conditions by use of a rigorous procedure for the exchange of gases (Warburg flasks and their manometers were used). Glutamate and GSH were tipped in after thermal equilibration. When gases were thoroughly exchanged, very small amounts of CO2 were produced in a gas phase of N2. However, identical amounts of CO2 were produced with 1 or 21 % 02 (5 and 100%G air).
In experiment 1, an attempt was made to detect H2 production by placing palladium asbestos and a 2 X 10-M methylene blue solution, instead of KOH, in the central trough of two flasks. There was no reduction of methylene blue or appreciable manometric change. In experiment 2, 02 consumption, comparable to the amount of CO2 produced, was noted in the flasks that had been flushed with 5 or 100% air. Manometric changes were determined with considerably greater error than CO2 production and are not recorded in Table 7 .
In conclusion, the experiments illustrated in Tables 6 and 7 have established that rickettsiae, in the presence of GSH, catabolize glutamate just as well at low or normal partial pressures of 02, but these organisms do not catabolize this substrate to an appreciable extent under strict anaerobic conditions. DISCUSSION There is good evidence that R. rickettsi catabolizes glutamate via the citric acid cycle. This is indicated by the production of CO2 from all carbons of glutamate (Table 1) , the apparent dilution effect of citric acid intermediates (Fig. 3) , and the requirement for at least some 02 ( Table  7) . The experiments of Huang (7) with R. quintana make it very clear that reduction of "4CO2 production from "IC-glutamate, by an added unlabeled citric acid intermediate, does not necessarily mean a dilution of the specific activity of the corresponding intermediate produced from glutamate. The addition ofcis-aconitate, forexample, exerted its effect by preventing the uptake of glutamine. Cis-aconitate may well have a similar effect on the uptake of glutamate by R. rickettsi. The weight of the evidence, however, is consistent with the hypothesis that the citric acid cycle is the chief pathway of glutamate metabolism.
The step from glutamate to a-ketoglutarate was not clarified. The results illustrated in Fig. 4 contrast with those obtained from R. quintana (7) . When the latter microorganism was used, oxalacetate, in moderate amounts, provided an acceptor for the amino group of glutamate and facilitated its utilization. Succinate had a similar effect Table 3 can be extrapolated to higher and lower concentrations, the same must be true of R. rickettsi. It is not known to what extent these observations apply to crude rickettsial suspensions, but it is a safe assumption that purified rickettsiae, diluted in a saline diluent in preparation for LD50 titrations in eggs, are highly unstable.
It was shown by Gilford and Price (6) that R. rickettsi incubated without substrate lost virulence for the chick embryo and the guinea pig, but this loss could be prevented by the addition of NAD or coenzyme A or p-hydroxybenzoic acid. Avirulent rickettsiae could be converted to virulence by incubation with NAD, coenzyme A, or normal tick extract. Although NAD, coenzyme A, and ATP undoubtedly had an influence on retention of metabolic activity in these experiments, these effects were overshadowed by the pronounced stabilization obtained with GSH. When the sulfhydryl group of GSH was protected by lowering the partial pressure of 02, GSH was as effective as BPA. Since other compounds containing sulfhydryl groups also have a stabilizing effect, the simplest explanation of their actions is that they protect the sulfhydryl groups of enzymes of R. rickettsi. However, the effect of GSH is so striking that the possibility that GSH may have coenzyme activity cannot be overlooked.
There is some evidence that rickettsiae maintained with GSH under low 02 pressure can be further stabilized by the addition of glutamate (Table 5 ). In the short-term experiments, it was shown that, of the conditions tested, this one was the most favorable for the catabolism of glutamate (Table 6 ). This is not surprising because, even under the best conditions, the rate of metabolic activity was small and the rickettsiae were present in sufficiently low concentration to have an adequate supply of 02-Whether or not the rickettsiae metabolized glutamate during the entire 16-hr period of preincubation is not known. It was shown that typhus rickettsiae incubated with glutamate were stabilized because they were able to maintain a high ATP level (1) . The same explanation can be invoked for R. rickettsi. If the above explanation for the effect of GSH is correct, another explanation is required for some apparently contradicting results obtained during the course of these studies. Rickettsiae were also stabilized by GSSG, but this effect was only seen at normal 02 pressure, and the addition of glutamate did not enhance its stabilizing effect. Results recently obtained with the genus Chiamydia offer an explanation for this apparent discrepancy. It was shown that the agent of meningopneumonitis has a GSSG reductase (10) which, in the intact cell, operated only in conjunction with an oxidative reaction (E. Weiss and E. M. Neptune, Jr., in press). This activity cannot be demonstrated when the gas phase is primarily N2. The oxidation was accompanied by H202 formation. If R. rickettsii has the same enzyme with the same characteristics, the observations made in this study can readily be explained. In the presence of GSSG, rickettsial stability is associated with reductase activity, presumably acting in concert with endogenous NADPH2. This reaction requires an adequate supply of 02. When glutamate is added under these conditions, it would tend to stimulate reductase activity and possibly raise H202 production to the toxic level. This explanation is purely speculative because neither GSSG reductase nor NADP-linked dehydrogenases have been demonstrated in R. rickettsi.
In conclusion, these studies offer a new basis for the study of numerous phenomena of physiological variation in R. rickettsi, which have been widely described (9, 12) but only incompletely understood. 
